Identification of Salmonella carriers using lipopolysaccharide (LPS) ELISA serology in a Salmonella-infected herd requires distinction of chronically infected cattle from convalescent and vaccinated cows. Cows responding to Salmonella infection and vaccination produce titers to Salmonella LPS that overlap with the lower titers of some Salmonella carriers. The objective of this study was to determine if the LPS antigen specificity of the bovine humoral immune response to Salmonella LPS antigens differs following vaccination and acute and chronic Salmonella infection. The study focused on the nondiscriminatory area of Salmonella ELISA serology, specifically, peak-titered sera from Salmonella bacterin-vaccinated and experimentally infected cows and low-titered sera from Salmonella carriers. The LPS serogroup specificity of the IgG 1 and IgG 2 response following acute and chronic Salmonella serotype Dublin infection and Salmonella bacterin vaccination was evaluated using 5 Salmonella serogroup (B, D, E1, C3, and C1) LPS ELISA assays. IgG 1 titers of carriers, vaccinated, and acutely infected cows were predominantly O antigen specific. Similarly, the IgG 2 titers of acutely infected cows were also O antigen specific. In contrast, Salmonella carriers produced an IgG 2 response to each of the heterologous LPS antigens (B, E1, C3, and C1) examined. The results of this study indicate that the bovine IgG 1 isotype response to Salmonella LPS is serogroup specific. Conversely, production of IgG 2 antibodies to core Salmonella LPS antigens shared across Salmonella serogroups is a feature of chronic Salmonella infections.
Salmonella is a common infectious enteric bacterial pathogen of dairy cattle and one of the most common zoonotic diseases associated with human consumption of beef and dairy products. 5 Prevalence surveys report animals on 16-73% of US dairy farms to be infected with Salmonella. 19, 21 On-farm Salmonella control is important to reduce production losses and the risk of human food-borne disease.
Identification of infected animals is fundamental to on-farm Salmonella control. Following recovery from acute infection, cows typically shed Salmonella in feces for 4-12 weeks. Chronic infections are associated with indefinite, intermittent, or persistent shedding of Salmonella in milk and or feces. 12, 23 Salmonella fecal culture is a simple and effective method of identifying cattle actively shedding Salmonella. However, fecal culture is not a reliable method of identifying chronic intermittent Salmonella shedders, and unless performed repetitively does not provide an indication of the duration of infection.
Evaluating the serologic response of animals to Salmonella antigens provides an indirect indication of Salmonella exposure. The most prevalent Salmonella serogroups isolated from cattle are groups B, C, D, and E. Specificity of Salmonella lipopolysaccharide (LPS) ELISA serology is determined by the O antigen polysaccharide side chains of the LPS plate antigen. Salmonella ELISA serology has been applied as a diagnostic tool to detect the common Salmonella serogroup infections in cattle, humans, poultry, and pigs. 2, [7] [8] [9] [10] [11] 15, 16 In Denmark, Salmonella ELISA serology has been used to identify Salmonella Dublin-infected herds. [9] [10] [11] In Denmark and the Netherlands, Salmonella ELISA serology is utilized in national Salmonella control programs.
The primary application of Salmonella ELISA serology in most species has been to define and compare the Salmonella infection status of populations. Salmonella serology may also be used to identify chronically infected Salmonella carriers. Salmonella Dublin is the only Salmonella host adapted to cattle; however, chronic infections with Salmonella serotypes Typhimurium (B), Ohio (C), enteritidis (D), and Muenster (E) have also been reported. 1, 6, 17, 18, 20, 23, 27 Identification of Salmonella carriers using LPS ELISA serology in a Salmonella-infected herd requires distinction of chronically infected cattle from convalescent and vaccinated cows. Adult cows responding to Salmonella infection and vaccination produce titers to Salmonella LPS that overlap with the lower titers of some Salmonella carriers. The duration of overlap in titers following Salmonella infection is relatively short, allowing chronically infected cows to be distinguished by the persistence of their immune response. 23 This study focuses on the nondiscriminatory area of Salmonella ELISA serology, specifically, high-titered sera from Salmonella bacterin-vaccinated and experimentally infected cows and low-titered sera from Salmonella carriers. The objective of the study was to determine the antigen and antibody isotype specificity of the bovine humoral immune response to Salmonella LPS antigens following vaccination and acute and chronic Salmonella Dublin infection.
Materials and methods

Study groups
Sera used in this study were collected in previous experiments: 1) experimental oral infection (n ϭ 6), 23 2) vaccination with a commercial Salmonella Dublin/Salmonella Typhimurium bacterin (n ϭ 12), 25 and 3) natural Salmonella Dublin carriers (n ϭ 14). 12, 23 Prior to the study, the sera had been stored at Ϫ70 C.
Group 1, experimental oral infection
The methods for this experiment have been previously reported. 23 Cows were orally challenged with Salmonella Dublin via stomach tube on days 0 (3.8 ϫ 10 9 ), 25 (3.8 ϫ 10 10 ), and 41 (3.8 ϫ 10 11 ). Six of the 7 cows originally challenged survived 14 wk postchallenge and are included in the present study. The challenge organism used was a virulent strain of Salmonella Dublin (SL 1367) isolated from a calf. 24 All cows shed Salmonella Dublin in the feces for up to 7 days postchallenge, none of the cows shed Salmonella Dublin in milk, and all cows cleared the infection within the 26wk study period. Sera were collected weekly from each of the cows for the duration of the study.
Group 2, vaccinated cows
The IgG and IgM responses of these cows have been previously reported. 25 Eight lactating cows from the University of California campus dairy that were determined not to be infected with Salmonella by bacteriologic culturing of milk and feces and that had no history of clinical salmonellosis were inoculated with a commercial Salmonella Dublin/Salmonella Typhimurium formalin-killed bacterin. a Cows were given 2 doses of the bacterin 2 weeks apart, according to label directions. To increase the sample size, sera from another 4 cows vaccinated using the same protocol but not previously reported were included in this group. Biweekly serum samples were collected from each cow for 8 weeks following vaccination.
Group 3, natural Salmonella Dublin carriers
Sera from 14 cows with natural chronic Salmonella Dublin infection were available from 2 previous studies. 12, 23 Cows in the first study (n ϭ 7) 23 were identified by repetitive milk and fecal cultures; cows in the second study (n ϭ 7) were identified by persistent IgG titers to Salmonella Dublin LPS and subsequent milk and fecal cultures. All cows shed Salmonella at least once during the studies of 12 and 6 months, respectively. During the studies, weekly serum samples were collected from each cow.
Culture methods
The culture methods used in each experiment are described in the respective papers. All cultures included an 18-24-hour enrichment step in selenite and/or tetrathionate broth followed by selective plating on brilliant green agar. Lactose-negative colonies were tested on triple sugar iron, urea, and O-nitrophenyl-␤-D-galactopyranoside media. Isolates with typical Salmonella reactions were tested for agglutination with polyvalent and O-group-specific antisera. Serotyping was conducted by the National Veterinary Services Laboratory in Ames, Iowa.
Preparation of lipopolysaccharide
Lipopolysaccharides from Salmonella serotypes Dublin (D1), Typhimurium (B), Montevideo (C1), Kentucky (C3), and Anatum (E1) were prepared using a previously described phenol-water extraction technique. 21
Selection of samples for group comparisons
The humoral immune responses of cattle to Salmonella Dublin LPS and porin following acute and chronic Salmonella Dublin infection and vaccination with a commercial Salmonella Dublin/Salmonella Typhimurium bacterin have been previously described. For this study, the titer range selected for comparison was based on the range of peak titers observed following experimental Salmonella Dublin infection. The peak IgG (mixed isotype conjugate) Salmonella Dublin LPS ELISA titers of experimentally infected cows ranged from 800 to 12,800. The sera corresponding to the peak response for each cow was included in the current group comparisons. Sera from 7 of the 12 vaccinated cows had peak IgG Salmonella Dublin LPS ELISA titers that overlapped with the range of peak LPS titers of experimentally infected cows and were selected to represent the vaccinated cows. The range of peak titers for the Salmonella Dublin/Salmonella Typhimurium-vaccinated cows included in the comparison was 800-3,200. The 5 excluded vaccinated cows had peak IgG titers below this range. Of the 14 Salmonella carriers, 8 had sera with titers in the range of 800-12,800. For the present study, only sera collected from cows after 4 mo of fecal culture monitoring were utilized to ensure none of the cows had concurrent infections with other Salmonella serotypes. Using a random selection function, b 1 serum sample with an IgG titer in the range of 800-12,800 was selected from each of the 8 qualifying Salmonella carrier cows. Three Salmonella carriers were excluded because their minimum titers were above 12,800 and 3 were excluded because their maximum titers were below 800. The distribution of the IgG Salmonella Dublin LPS titers for the sera from vaccinated and acute and chronically infected cows is presented in Fig. 1 .
Procedure for ELISA
The Salmonella LPS ELISA was conducted using a previously described method. 21 Phosphate buffered saline (PBS) solution containing LPS (10 g/ml) was incubated in 96well polystyrene (100 l/well) microtitration plates at 37 C for 12 hours. Plates were then washed 3 times using PBS solution with 0.05% Tween 20 (PBS-Tween). Test sera were 
Statistical analysis
For each LPS antigen, the mean titers of the 3 groups were compared via ANOVA. b Tukey's pairwise comparisons were performed when a significant difference (P Ͻ 0.05) was observed between groups.
Results
The distribution of Salmonella Dublin LPS IgG titers for the sera selected from each group is presented in Fig. 1 . Comparison of the mean Salmonella Dublin LPS titers of the groups via ANOVA shows no significant difference (P ϭ 0.2); however, it is noted that the range of peak titers of vaccinated cows is skewed to the lower end of the range. The observed difference reflects the tendency for aluminum hydroxide bacterin vaccination to elicit lower titers to Salmonella LPS than Salmonella infection.
The results of the IgG 1 and IgG 2 LPS ELISAs are summarized in Table 1 . The O antigens of Salmonella Dublin LPS are 1, 9, and 12. The Salmonella bacterin contained Salmonella Dublin and Salmonella Typhimurium, which includes an O antigen complement of 1, 4, 5, 9, and 12. The IgG 1 titers of the 3 groups were predominantly O antigen specific. Cross reaction between group D and group B Salmonella but not group C and group E is predictable according to the O antigen composition of the LPS plate antigens. 22 A slight trend for sera from Salmonella carriers to have higher IgG 1 titers to LPS from heterologous Salmonella serogroups was statistically significant for the Salmonella Anatum (E1, 3,10) LPS. However, the difference was of little practical significance since the titers revolved around the lowest serum dilution.
The IgG 2 titers of sera from acutely infected cows were O antigen specific. In contrast, the IgG 2 titers of sera from Salmonella carriers and bacterin-vaccinated cows were less O antigen specific. Cross-reaction was observed with each of the heterologous LPS antigens (E1, C3, and C1). Salmonella carriers had higher IgG 2 titers to each of the heterologous Salmonella LPS antigens than acutely infected cows (P Ͻ 0.05). The mean group D and C1 LPS IgG 2 titers of Salmonella carriers were also greater than the mean IgG 2 titers of vaccinated cows. Vaccinated cows had higher IgG 2 titers to heterologous Salmonella LPS than acutely infected cows; however, the difference was not statistically significant. The relative distribution of IgG 1 and IgG 2 titers to Salmonella Dublin, Salmonella Typhimurium, and Salmonella Montevideo LPS is presented graphically in Fig. 2a and 2b . It is not possible to distinguish the sera of Salmonella carriers from vaccinated and acutely infected cows according to the IgG 1 response to homologous and heterologous LPS antigens. In contrast, assessment of IgG 2 titers to homologous and heterologous LPS antigens enables distinction of the carrier sera from that of the acutely infected and vaccinated groups. Chronically infected cows are distinguished from the vaccinated animals by higher Salmonella Dublin LPS IgG 2 titers. Acutely infected cows are distinguished by a limited IgG 2 response to Salmonella LPS from heterologous serogroups.
Discussion
The bovine humoral immune response to Salmonella LPS following acute Salmonella infection may persist for 4 months and the response to Salmonella bacterin vaccination may persist for 3 months. 13 The Salmonella LPS serological profile of a herd subsequently reflects the prevalence and serogroup specificity of Salmonella infections in the herd and, when applicable, the herd response to Salmonella bacterin vaccination. Most cows surviving Salmonella infections cease shedding salmonellae in feces within 4-12 weeks. A small proportion of cows infected with Salmonella fail to clear the infection and remain chronically infected. Chronic Salmonella infections in cattle are most commonly associated with Salmonella Dublin but have been described with other serotypes. 1, 6, 17, 18, 20, 23, 27 Following resolution of a Salmonella outbreak, identification and removal of Salmonella carriers is desirable to remove a reservoir of Salmonella infection from the herd. Salmonella carriers may be identified using culture or PCR techniques to detect cows shedding Salmonella in milk or feces. However, repetitive sampling of the herd over a 4month period is required to identify infected animals and to distinguish acutely infected cows from Salmonella carriers. Salmonella carriers may also be identified using serology. In comparison with culture and PCR techniques, the sensitivity of serology is not limited by the frequency of Salmonella shedding. Characteristics of the bovine humoral immune response used to distinguish Salmonella carriers from vaccinated and acutely infected animals are the magnitude and duration of the immune response to Salmonella LPS.
During the ontogeny of the humoral immune response, antigen-specific cells proliferate, leading to a rapid increase in the number of B and T cells that can recognize the antigen. With chronic antigenic stimulation, immune recognition of additional epitopes on an antigen may be observed as a result of the general up-regulation of antigen processing and presentation. 26 This effect is referred to as epitope spreading. Epitopes not normally recognized efficiently by the immune system may be revealed by up-regulated antigen processing by antigen-presenting cells under the influence of proinflammatory cytokines. Processing of antigen by B cells may also generate peptides that are not produced by dendritic cells or macrophages. 3 Salmonella LPS are long-chain phosphate-containing heteropolymers composed of 3 distinct regions. Repeating units of oligosaccharide polysaccharide chains (O antigens) are attached to a core oligosaccharide chain that connects to the lipid portion of the molecule. The core region is thought to be common to all, or most, Salmonella serogroups. 14 The O polysaccharide side chains are the most immunogenic component of LPS; their antigenic properties are used for Salmonella serogrouping. The core carbohydrate and lipid moieties are relatively less immunogenic. The IgG 1 and IgG 2 immune response to Salmonella LPS following acute Salmonella Dublin infection in cattle is predominantly directed against the O antigens. 22 The present study illustrates epitope spreading to core LPS antigens during chronic Salmonella Dublin infections in cattle. Epitope spreading was specifically associated with the IgG 2 isotype response to Salmonella LPS. Chronic Salmonella infections in cattle favor a higher ratio of IgG 2 :IgG 1 Salmonella LPS titers than vaccination and acute Salmonella infection. 13 The potential to distinguish Salmonella carriers from vaccinated animals using an IgG 2 isotype-specific Salmonella Dublin LPS ELISA is further illustrated in this report.
Interestingly, sera from vaccinated animals also gave low IgG 2 titers to heterologous Salmonella LPS. The Salmonella bacterin vaccine used in this experiment is inactivated with formalin. Formalin kills bacterial cells by denaturing proteins. Formalin cross-linking of proteins results in the destruction of some T cell epitopes and creates other irrelevant epitopes. 4 Generation of immunologic memory and isotype switching requires T cell help. Polysaccharide and lipid antigens need to be associated with a peptide capable of binding the MHC class II antigen of the antigen-presenting cell to stimulate T cell help. Alteration of the outer membrane during vaccine preparation may promote the processing and presentation of core immunogens by altering the structure of the antigen. Alternatively, the adjuvant preparation may modulate the type of immune response generated.
The practical significance of the observed dynamics of the bovine humoral immune response to Salmonella LPS and the different specificity of the IgG 1 and IgG 2 isotypes are 2-fold. If the intended application of Salmonella ELISA serology is for defining the prevalence and serogroup specificity of Salmonella infections in a herd, an IgG 1 isotype-specific ELISA provides greater serogroup specificity. If the objective is to identify Salmonella carriers, evaluation of the IgG 2 response facilitates distinction of Salmonella carriers from vaccinated and acutely infected animals. Testing the IgG 2 response of Salmonella Dublin LPS seropositive sera on LPS from a heterologous Salmonella serotype may further clarify the infection status of individual animals.
